Hallucinations constitute one of the most representative and disabling symptoms of schizophrenia. Several Magnetic Resonance Imaging (MRI) findings support the hypothesis that distinct patterns of connectivity, particularly within networks involving the hippocampal complex (HC), could be associated with different hallucinatory modalities. The aim of this study was to investigate HC connectivity as a function of the hallucinatory modality, that is, auditory or visual. Two carefully selected subgroups of schizophrenia patients with only auditory hallucinations (AH) or with audio-visual hallucinations (A þ VH) were compared using the following three complementary multimodal MRI methods: resting state functional MRI, diffusion MRI and structural MRI were used to analyze seed-based Functional Connectivity (sb-FC), Tract-Based Spatial Statistics (TBSS) and shape analysis, respectively. Sb-FC was significantly higher between the HC, the medial prefrontal cortex (mPFC) and the caudate nuclei in A þ VH patients compared with the AH group. Conversely, AH patients exhibited a higher sb-FC between the HC and the thalamus in comparison with the A þ VH group. In the A þ VH group, TBSS showed specific higher white matter connectivity in the pathways connecting the HC with visual areas, such as the forceps major and the inferior-fronto-occipital fasciculus than in the AH group. Finally, shape analysis showed localized hippocampal hypertrophy in the A þ VH group. Functional results support the fronto-limbic dysconnectivity hypothesis of schizophrenia, while specific structural findings indicate that plastic changes are associated with hallucinations. Together, these results suggest that there are distinct connectivity patterns in patients with schizophrenia that depend on the sensory-modality, with specific involvement of the HC in visual hallucinations.
INTRODUCTION
Hallucinations can be defined as perceptions in the absence of external stimuli. In schizophrenia, hallucinations constitute the most typical and disabling symptoms of the disorder and may manifest in all sensory modalities. In patients with schizophrenia, hallucinations in the auditory and visual modalities have been described as the most frequent experiences with rates in this population of 60-80% 1 and 24-72%, 2, 3 respectively. The neurobiological mechanisms underlying hallucinations remain elusive and complex. Indeed, in comparison with neurological disorders, 4 ,5 the hallucinations observed in schizophrenia are not related to a focal neurologic dysfunction but rather involves distributed neural networks. A recent coordinate-based metaanalysis 6 of functional imaging studies conducted during auditory hallucinations in patients with schizophrenia demonstrated increased brain activity in speech production and perception areas and in the hippocampal complex (HC; that is, hippocampus and para-hippocampal gyri 7 ). Recent functional and anatomical brain imaging studies on hallucinations suggest that the dysconnectivity hypothesis in schizophrenia 8 could also apply to specific symptoms such as hallucinations. 9 The dysconnectivity hypothesis suggests that the existence of impaired connectivity between different brain regions is responsible for abnormal functional integration within neural networks. This impaired connectivity might be associated with an impaired control of synaptic plasticity. [10] [11] [12] The underlying mechanisms for dysconnectivity remain unknown but likely involve both genetic 13 and environmental factors, 14 leading to early alterations in the development of brain wiring and impaired experience-dependent synaptic plasticity. 11 A proof of concept for dysconnectivity in schizophrenia patients suffering from AH has recently been provided. Functional connectivity (FC), which is based on temporal correlations between the Blood Oxygen Level-Dependent (BOLD) signal in different regions during resting-state functional MRI (fMRI), is altered within the language network of patients with schizophrenia suffering from AH in comparison with non-hallucinating patients or healthy controls. 15, 16 No specific FC study has been conducted for nonAH; however, a recent fMRI study of adolescents with a brief psychotic disorder compared with healthy controls were noted to have an increased BOLD signal in modality-dependent associative sensory cortices during AH but also during visual and multisensory hallucinations.
areas in patients with AH in comparison with non-hallucinating patients or healthy controls. [18] [19] [20] [21] [22] [23] An interpretation of variations in FA is not straightforward; however, a reduced FA is commonly interpreted as a loss in white matter integrity, 16, 24 whereas an increased FA is thought to reflect an increase in white matter connectivity. 25 Other DTI findings suggest that different hallucinatory sensory modalities are associated with different patterns of anatomical dysconnectivity. For instance, adolescents suffering from early-onset schizophrenia with a history of visual hallucinations exhibit lower FA in the left inferior longitudinal fasciculus, which connects the temporal and occipital cortices, when compared with patients without visual hallucinations. 26 Unfortunately, no other report has specifically assessed brain connectivity in visual hallucinators, despite the significant prevalence of this sensory modality in psychotic experiences. 2, 3 The HC seems to be a key area involved in the pathophysiology of schizophrenia and hallucinations. Indeed, alterations of the hippocampus, a medial temporal formation that is involved in mnesic and neuroplastic processes, have been repeatedly reported in patients with schizophrenia. 27 Such changes include reductions in volume, increases in basal perfusion, activation deficits during declarative memory and reductions in neurogenesis in the dentate gyrus (for a recent review see 27 ). In addition, hippocampal hyperactivity has been regularly associated with hallucinations in patients with schizophrenia. 6, [28] [29] [30] As noted by R-P Behrendt 31 , the presence of visual hallucinations, in combination with AH, indicates pathologically increased hippocampal activity. In agreement with this hypothesis, Oertel et al. 32 have reported a case of a patient with schizophrenia suffering from visual hallucinations with increased brain activity in cortical visual areas as well as the hippocampus. Finally, electrical stimulation of the HC can produce complex visual hallucinations in epileptic patients. 33 In this paper, we explored HC connectivity in two subgroups of carefully selected patients with schizophrenia: those with only AH (AH) (that is, patients who never reported visual hallucinations) and those suffering from audio-visual hallucinations (A þ VH). The matched subgroups differed only in the presence or absence of visual hallucinations. Such a distinction appears to be crucial in testing for the presence of variable patterns of HC connectivity in hallucinators according to the sensory modality involved. Moreover, this design allows for the assessment of the specific effects of the hallucinatory modality, and expands upon the conventional comparison between patients with schizophrenia and healthy controls. Indeed, specific effects of a hallucinatory modality must be distinguished from effects that are more broadly related to schizophrenia and medication.
We tested for the specific implication of HC in visual hallucinations by exploring the specific patterns of brain connectivity in hallucinators according to the sensory modality involved. Joint multimodal data analysis of HC connectivity, including FC, structural white matter integrity and shape analysis, were used to separately unravel the relationships partially detected by structural and functional measures alone. 34 (1) Functional resting-state connectivity was performed in A þ VH and in AH patients. This analysis was seeded on the bilateral HC and we anticipated an increased FC between the HC and specific sensory cortices, that is, the auditory or visual areas, according to the sensory modality involved. (2) FA maps were then compared between A þ VH and AH patients. A specific implication of the HC in visual hallucinations was anticipated that could result in a higher structural connectivity between the HC and visual areas in A þ VH patients. ( 3) The hippocampal volumes and shape analyses were finally compared between both groups. This brain area, known capable of experience-dependent plasticity, 35 was considered to be a potential indirect marker of the patterns of connectivity previously explored. On the basis of this hypothesis of the specific role of the hippocampus in visual hallucinations, we expected thicker hippocampi in A þ VH schizophrenia patients in comparison with AH patients.
MATERIAL AND METHODS Participants
Thirty-three outpatients suffering from schizophrenia were included in the study. Of these, there were 17 AH patients and 16 A þ VH patients. All participants met the DSM-IV-TR criteria for schizophrenia on the basis of interviews and review of their clinical history by an experienced psychiatrist. The Positive and Negative Syndrome Scale (PANSS) 36 and the Scale for the Assessment of Positive Symptoms (SAPS) 37 were used to evaluate the general psychopathology and to quantify symptomatology. All participants received these semi-structured interviews, which included a detailed assessment of their hallucinatory experiences. All participants were noted to have marked-to-severe AH (SAPS-it. #1X4). Patients from the AH group had never experienced visual hallucinations (that is, SAPS-it. #6 ¼ 0), whereas A þ VH patients scored 44 on the SAPS-it. #6. All subjects were otherwise medically healthy and reported no history of head trauma, seizure, neurological disease or significant current major medical condition on the basis of the medical history and medical and neurological examination. None of the patients reported substance abuse with the exception of four patients with the occasional consumption of cannabis (two in AH group and two in A þ VH group). No patient with an intelligent quotient o80 was included. Groups were matched for age, sex, handedness, symptom severity, AH and antipsychotic dosage. All patients were being treated with antipsychotic medications at the time of the study (atypical antipsychotics n ¼ 29, typical antipsychotics n ¼ 4). Olanzapine-equivalent daily doses were calculated in reference to recent international guidelines to assess the homogeneity of antipsychotic dosages across groups. 38 The study was approved by the local ethics committee (CPP Nord-Ouest IV, France). Written documentation of informed consent and capacity to provide consent was obtained from each participant before enrollment.
Procedure, MRI acquisition and preprocessing
Patients underwent multimodal brain imaging, which included structural MRI, fMRI and DTI on a 1.5 Tesla Intera Achieva scanner (Philips, The Netherlands). Participants remained still in a state of wakeful rest with their eyes closed. All patients wore headphones and earplugs to attenuate the noise of the scanner. Anatomical and functional data were preprocessed and analyzed using BrainVoyager software (BVQX v2.4, Maastricht, http:// www.brainvoyager.com). Preprocessing of DTI included the creation of individual FA images from DTI data using the FMRIB's Diffusion Toolbox, which is a part of FMRIB Software Library (FSL) 39 (FSL 4.1.9, Oxford, www.fmrib.ox.ac.uk/fsl). The detailed MR sequence parameters and preprocessing steps are provided in the Supplementary Methods.
Data analysis

Whole brain analysis
Seed-based functional connectivity (sb-FC). For each subject, correlations between the time-course extracted from a priori selected seeds and other brain voxels were computed. Seed regions corresponded to the bilateral HC defined from the ICBM Probabilistic Tissue Atlas (http://www.loni. ucla.edu/ICBM/) (see Supplementary Figure S1 ). We used the general linear model with z-normalized predictors to obtain individual sb-FC maps. Several nuisance covariates were included in the analyses to reduce the effects of physiological processes such as cardiac and respiratory cycles. Eight covariates of no interest were added to the general linear model: white matter signal, cerebro-spinal fluid signal and head-motion parameters (x/y/z corrections applied in translation and rotation).
After fitting the general linear model and accounting for the effects of temporal serial correlation using AR(2) modeling, a random effects general linear model was conducted for all participants. A group comparison between AH and A þ VH patients was then performed using a randomeffects analysis of covariance (RFX-ANCOVA). Because VH may be more common in younger adults, age was introduced as a covariate in the analysis. 40 Tract-based spatial statistics. Tract-Based Spatial Statistics (TBSS), 41 a part of FSL, was used for the voxel-wise statistical analysis of FA map using the standard parameters to study white matter integrity. FA maps were first aligned into a common space using the nonlinear registration tool FNIRT, Multimodal connectivity of hallucinations A Amad et al which uses a b-spline representation of the registration warp field. 42 Nonlinear transforms obtained from the previous stages were then applied to all subjects to standardize them in the MNI-152 space. The mean FA and mean skeleton (center of all tracts common to the group) were created and thinned. Each subject's aligned FA data were then projected onto this skeleton. An FA threshold of 0.2 was finally applied to limit the crosssubject variability and to restrict the analysis to white matter. Group comparisons were performed using non-parametric permutation tests (randomize function, implemented in FSL). Contrasts between the AH and A þ VH groups were on the basis of 10 000 randomized permutations with age introduced as a covariate.
Statistic threshold strategy. Cluster-size thresholding via Monte Carlo simulations 43 was applied to the sb-FC results to correct the statistical maps for multiple comparisons. 44 A P-value o0.05 was considered significant. For TBSS, the significance of integrating corrections for multiple pairwise comparisons (False Discovery Rate, that is, FDR) was set at qo0.05.
Hippocampal volume and shape analysis. FIRST (FMRIB's Integrated Registration and Segmentation Tool; part of FSL), a novel analysis technique, was used to segment and measure differences in the volume and shapes of the hippocampus. The left and right hippocampi were automatically segmented from T1-weighted images. Univariate ANCOVA was used to detect group differences in the hippocampal volumes. Hemispheric laterality was included as an independent factor to evaluate the possible interactions between the hallucinatory modality and the hemispheres. Intracranial volume, measured with SIENAX (part of FSL), and age were included as covariates in the analyses. Furthermore, to complementarily investigate a possible lateralization effect of hippocampal volumes, we analyzed the asymmetry index (AI) of the hippocampal volumes, classically computed as AI ¼ (L À R)/(L þ R). The hippocampal AI was compared across the two groups using an ANCOVA adjusted for age. For the shape analysis, a surface mesh was created using a Bayesian modeling framework. 45 The number of vertices per mesh was fixed and allowed for point-to-point comparisons across all subjects. After registration to the MNI-152 template, a vertex-wise analysis was performed to compare AH vs A þ VH with age introduced as a covariate, thereby providing a local measure of geometric changes in the hippocampi that were dependent on the hallucination's sensory modality. Subregions of the hippocampus were named according to Frisoni's parcellation. 46 The left and right hippocampi were analyzed separately. P-values o0.05 were considered statistically significant.
RESULTS
Clinical data analyses are summarized in Table 1 and Supplementary Methods.
Hippocampal complex functional connectivity Group-level RFX-ANCOVA of HC sb-FC revealed increased connectivity in A þ VH patients when compared with the AH group between HC and the bilateral medial prefrontal cortex and the left caudate nucleus and a decreased sb-FC between HC and the left lenticular nucleus, the right thalamus, the superior temporal gyri and the right pre-/ post-central gyri (see Figure 1) . Beta-weights averaged over clusters of continuous voxels that achieved significance in the final t-maps were plotted according to the hallucinator group and further validated the RFX-ANCOVA findings (see Supplementary Figure S2 ). Peak coordinates in the MNI space and the corrected P-value (P corr o0.05) are reported in Table 2. TBSS analysis Due to motion artifacts, only 14 patients from each group were included in the TBSS analysis. Several white matter regions with a significant FA increase were detected in the A þ VH group compared with the AH group (see Figure 2) . The following tracts connecting the HC to the visual areas were involved: the right forceps major (peak MNI x/y/z coordinates (3, À 36,10); P corr o0.03), the right inferior fronto-occipital fasciculus ((36, À 56,6), P corr o0.04), the left inferior longitudinal fasciculus (( À 49, À 24, À 18); P corr o0.04), the left cingulum ((10,42,31); P corr o0.03), the left superior longitudinal fasciculus (( À 27,33,53); P corr o0.02) and the brainstem (( À 2, À 26, À 26); P corr o0.03). However, neither the hemispheric laterality (P ¼ 0.9) nor the interaction between hemisphere and hallucinatory modality (P ¼ 0.9) had an effect on the hippocampal volume. Finally, no group differences were found in the hippocampal AI (P ¼ 0.6).
Hippocampal volume and shape analysis
Vertex-wise analysis of the hippocampi revealed significant local shape differences in the A þ VH group compared with the AH group (Po0.05) (See Figure 3) . Localized bilateral hypertrophy of the hippocampi on the anterior and posterior end of CA1 and the subiculum were detected in the A þ VH group when compared with the AH group. 
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DISCUSSION
The current study is the first to report the differential involvement of HC connectivity in a manner dependent on the sensorymodality involved in the hallucinations of patients with schizophrenia. On sb-FC analysis, patients with auditory-only hallucinations exhibited a higher sb-FC between the HC and the thalamus in comparison with the A þ VH group. Furthermore, increased FC of the HC with the medial prefrontal cortex and caudate nuclei was noted in the A þ VH group when compared with the AH group. These regions belong to the hippocampo-prefrontal pathway, which originates from the CA1/subiculum hippocampal sub-fields and projects onto the medial prefrontal cortex and the ventral striatum. 47 These structures send projections to the ventral tegmental area, a dopamine projection system that projects to the cortex. 47 Previous research has already suggested that presynaptic striatal dopaminergic function correlates with the severity of positive symptoms. 48 However, the exact relationship between dopaminergic function and hallucinations remains unknown. Only one study specifically examined this relationship and compared healthy individuals with frequent auditory verbal hallucinations (n ¼ 16) to matched controls. 49 Even if this study failed to report group differences in dopamine synthesis capacity, current findings are consistent with the idea that in schizophrenia, an increased dopaminergic transmission may lead to more complex hallucinatory experiences (that is, one supplementary sensory modality in A þ VH patients). 
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Interestingly, some authors have already suggested that AH may be regarded as 'underconstrained' perceptions that arise when the impact of sensory input on the activation of thalamocortical circuits and synchronization of thalamocortical gamma activity is reduced. 31 The current findings fit particularly well with such a theory; this relationship is reinforced by the fact that the frontal and temporal regions, which are anatomically connected to the thalamus 50 through the lentiform nucleus, 51 were strongly functionally connected with the HC in AH patients. Of note, all of these regions, which are crucial for language processing, 52 were previously shown to be activated, together with the pre-and post-central gyri, during AH in both psychotic and nonpsychotic subjects. 53 In addition, we confirmed that the particular FC patterns measured here were specific to the sensory modality involved in hallucinatory experiences, (that is, AH or A þ VH) rather than the underlying disorder (that is, schizophrenia), which is common to both groups. Together, our results suggest that the HC is an essential relay within the neural networks involved in hallucinatory phenomena and is differentially connected to cortical-subcortical areas on the basis of the hallucinatory modality.
This study also compared white matter structural connectivity between patients with auditory and audio-visual hallucinations. TBSS analyses revealed that most of the white matter tracts with significantly increased FA in A þ VH patients connected the HC to visual areas. These bundles included the forceps major, an extension of the splenium that links the bilateral occipital lobes. Of note, the portion of the forceps major that had a significant FA increase was precisely the portion connected to the right hippocampus. 54, 55 The other bundles that had significant FA increases included the right inferior fronto-occipital fasciculus, the left inferior longitudinal fasciculus (which joins the occipital lobe to the para-hippocampal gyri 56 ), the left cingulum (which connects the frontal lobe with the HC) and the left superior longitudinal fasciculus (which is composed of four separate components, most of which originate from the occipito-parietal region 57 ). Thus, TBSS analysis confirmed that the HC was not only linked to the phenomenon of hallucinations in schizophrenia but seemed specifically involved in visual hallucinations.
Finally, volume and shape analysis of the hippocampus revealed hypertrophy in the A þ VH group localized at the level of the CA1 and the subiculum subfields. These local volumetric differences may rely on plastic modifications of the hippocampus. More specifically, these plastic changes could be related to the specific hippocampal 'connectome', that is, the feed-forward connectivity with the striatum and the prefrontal cortex and the feedback connectivity with visual areas 58 (connections that were both noted to be increased in A þ VH patients). Indeed, the hippocampus is capable of plastic deformation, 59 and the present findings are consistent with experience-dependent shape modifications of the hippocampus that involve mechanical tension along the axon. 60 This hypothesis fits nicely with the global dysconnectivity hypothesis stating that it is not plasticity per se that is abnormal but its modulation during reinforcement 11 and its neurobiological regulation.
A recent study reported shape modifications of the hippocampal subfields in patients with schizophrenia. 61 Although this last study did not specifically question the role of hallucinations in the shape of hippocampal subfields, a surface inward deformation was measured at the level of the anterior hippocampi when comparing patients with schizophrenia to healthy controls and may underlie the impaired performances observed in hippocampal-dependent memory tasks. 61 Moreover, a negative correlation has recently been shown between the PANSS-positive subscale and volumes of the bilateral hippocampal subfields (CA1/ 2/3). This finding reinforces our hypothesis of subfield dysfunction, which is commonly involved in sensory representations, resulting in positive symptoms such as hallucinations. 62 Interestingly, the posterior hyper-connectivity of the hippocampus with visual areas, as evidenced in the current study, suggests a specific pattern of visual hallucinations that are independent of the diagnosis of schizophrenia. The focus on the specific hallucinatory modality in our analysis thus allowed us to clarify the involvement of the hippocampus in the positive symptoms of schizophrenia.
The moderate sample size used in this experiment should be acknowledged. However, the high-group homogeneity allowed us to address strong a priori hypotheses and draw significant conclusions. Computing power for fMRI and connectivity studies remains complex, and there is no widely applied standard approach. Combining two matched samples of more than 15 subjects each was recently judged to be adequate 63 in such a context, and this adequacy appears to be reinforced by the use of a multimodal design that provides convergent findings. Another point of discussion concerns the use of customized templates to improve the registration quality across MRI modalities and patients. Spatial normalization in the MNI/Talairach space is a standard and validated approach that is commonly used for group comparisons on the entire brain. The use of customized templates generated from the tested population-as enabled for instance by DARTEL algorithm for structural MRI 64 -has been proposed as an interesting alternative to the MNI/Talairach template. Such an approach has been shown to be particularly well adapted in the context of brain morphometry. 65, 66 A similar non-linear registration with a customized template was used here for TBSS analysis. However, in the case of fMRI data, such approaches can be considered to be of more limited interest, 67 most likely because of the lower spatial resolution of the functional data compared with the structural data (here, 4 mm 3 of voxel size on which was applied a 5 mm FWHM spatial smoothing). Hence, even if a false negative cannot be fully excluded in the current study because of sensitivity issues (in particular for the fMRI analysis), the likelihood that the spatial normalization steps might have resulted in a false positive is considered to be low.
To summarize, the use of different imaging techniques in the present study provided complementary and novel results. The functional findings are consistent with the fronto-limbic dysconnectivity hypothesis of schizophrenia, thus implicating multiple interactions between the prefrontal cortex, thalamus and striatum that are modulated by midbrain dopaminergic neurons and have a central role in basic information processing and positive symptoms. 68 Second, structural findings support plastic abnormalities that are associated with hallucinations rather than with the underlying mental disorder. These findings are consistent with recent research that considers gray matter reductions within the language network of patients with AH to be plastic adaptations related to the hallucinations themselves 69, 70 and extends them to other sensory modalities. On the basis of these findings, we would like to defend the idea that the neuroplastic framework could provide a unifying model for modality-dependent hallucinations, which encompass the many gene interactions and neurotransmitters that are involved in schizophrenia, such as glutamate, dopamine, GABA and acetylcholine. 71 For instance, several serotoninergic and dopaminergic genes are associated with hallucinations in patients with schizophrenia and could be considered to be 'plasticity genes' rather than 'vulnerability genes,' which for better or worse, make patients more susceptible to environmental influences. 72 The importance of neuroplasticity in hallucinations is finally reinforced by observations of the brain impact of neuromodulation techniques used to relieve drug-resistant hallucinations. Repetitive transcranial magnetic stimulation, a noninvasive and painless technique currently used for this indication, 73 induces neuroplastic changes and modifications of the FC of the temporoparietal junction, a target chosen for its involvement in AH. 74, 75 Current findings fully support the future development of therapeutic strategies to address extra-AH on the basis of the neuro-guided repetitive transcranial magnetic stimulation, which could modulate the connection strength of specific neural networks, such as the networks identified in the present study (for example, testing for distant effects on the HC when treating visual hallucinations). Future research will also need to confirm the impact of multimodal MRI guidance as a promising tool for the personalized therapy of refractory complex hallucinations.
In conclusion, both the strength and reliability of the findings rely on the highly selected and homogeneous samples, as well as the use of three complementary brain imaging approaches (sb-FC, TBSS and shape analysis). By focusing on the presence or absence of visual hallucinations in schizophrenia patients suffering from AH, we unraveled specific patterns of hippocampal connectivity and proposed a refined pathophysiological model for modalitydependent hallucinations.
